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Abstract 
In this work, a 2-Step Noise Shaping Time to Digital Converter is designed. 

This 2-step TDC attempts to combine classical TDC architectures with modem circuit 

techniques to overcome the limitations inherent to classical architectures. This TDC uses 2 step 

process with Flash TDC as coarse quantiser and a VCO as fine quantiser. This design aims to 

explore the improvements that can be brought to TDC designs with oversampling, and noise 

shaping. The Simulink model of this TDC achieves an SNDR of 53dB with ENOB of 8 bits. 

The circuits have been design in TSMC 65nm in Cadence Virtuoso and Simulink. 
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Chapter 1 

Introduction 
Time-To-Digital Converters are time based data converters which are widely employed in 

applications like Time-of-Flight, laser ranging, Automatic test equipment. TDCs are primarily used for 

accurate time measurement between two events. 

Unlike conventional, voltage/current based data converters, TDCs take time as their input variable 

and then quantise them. This class of time based data converters have found newer applications in 

Photonics, medical imaging. As the need for precise time measurements increase, modem TDC 

architectures play an important role in increasing the resolution and going beyond the limitations ofTD Cs 

of past decade. 

1.2 Thesis organization 

This thesis in organized in the following way. Chapter 2 gives a background on Time-to-Digital 

Converters, presents classic Architectures, newer improved architectures and the scope of improvement 

in the classic architectures. Chapter 3 presents the proposed architecture, deals with the mathematical 

model of the proposed TDC. Design and development ofTDC in Simulink, its results, the circuit. Chapter 

4 talks about mismatch in Flash TDC and how it can be minimized. 
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Chapter 2 

Background 

2.1 Time-to-Digital Converters 

A conventional data converter takes two kinds of inputs: voltage or current. Time to Digital 

converters instead operate completely in time domain. TDCs measure the time difference between to 

events. For applications requiring precise timings, like in Positron Emission Tomography Imaging, time

of-flight, and Phase Locked Loops, Delay locked loops. 

Since the beginning of Integrated circuits, the goal ofcircuit designers have always been to reduce 

the size of the transistor, fit more circuits on a die. While this trend has seen us making huge leaps in terms 

ofperformance, power, Analog design has become harder with shrinking technology nodes. With reducing 

gate oxide thickness, increasing leakage currents, lower voltage swings, analog design has become 

challenging. This challenge has motivated researchers to come up with modem circuit techniques in 

Analog/Mixed Signal domain to eventually replace conventional Analog blocks. In the presence of this 

challenge, TDCs offer a unique chance to explore their suitability as an alternative to conventional voltage 

or current based data converters. 
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While it is understood that TDCs are time based and not voltage or current, it is time to understand 

what exactly it means. For this, lets go back to what TDCs measure. TDCs measure the time difference 

between two events. So, to put it in terms of signals, the input to a Time-to-Digital Converter is a time 

difference between two rising edges of two different pulses. So, TDCs will have two signals - Start, Stop 

signals - and we measure the time difference between the rising edges of these signals. The analog 

information that we wish to quantise in represented in terms of the time between to rising edges. For this 

to happen, we first need to convert our analog variables into time domain. In order to do this, we take two 

pulses Start and Stop with same frequency and modulate the Start signal 's pulse width our analog voltage. 

The resultant signal will be our new Start signal with carrier frequency as before but with varying pulse 

widths. This modulation means that start' s rising edge now no longer arrives at the same time as the stop. 

We have created a time difference between them. This time difference is proportional to our analog 

voltage/current. So, the process of data conversion happens in three steps - obtaining analog variable, 

converting them into time domain variables and finally quantising them using Time-to-Digital converter. 

This process is shown in Figure 2.1 below. 

Analog Analog to Time Time to Digital 
Voltage/Current 

.... 

.... conversion 
.... 
.... Conversion 

Variables 

Figure 2.1 Process of TDC data conversion. 

Now that we have a methodology for TDC, it is time to look at how start and stop signals look 

after time conversion. Figure 2.2 shows an example Stop and Start Signal. These two signals have the 

same carrier frequency, F c , but the start signal has been modulated with analog variable. We can observe 
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from this figure that these two signals do not have their rising edges aligned. The TDC sees the difference 

- which is our information - and then quantises it. 

Stop Signal 
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time (in seconds) 

Figure 2.2. The Start and Stop Signals. 

2.2 Classical Time-to-Digital Architectures. 

The previous section has given an overview of the entire process involving in time-based data 

converters. This section will present some Classic Time-to-Digital architectures. These architectures will 

then become the basis for this work. There are two architectures which have defined TDCs : Flash TDC 

and Vernier TDCs. We will look at these two TDCs in this section. 
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2.2.1 Flash Time-to-Digital Converter 

Analogous to the Flash ADC, Flash TDC is the most simplest architecture. Just like how Flash 

ADCs use a fixed voltage reference to compare the input signal with, Flash TDCs to use a fixed reference 

- the rising edge of Stop signal- and compare it with the input signal - Rising edge of the Start signal, to 

give a digital number. 

In Flash TDC, there are two signal paths for each Start and Stop Signal. The Start Signal is given 

to a number of delay units. These delay units are CMOS buffers which delay the signal by 1 seconds. 

1 here is also the minimum delay that Flash TDC can see and quantise. In other words, 1 is the resolution 

of Flash TDC. These delay units form a chain and Start signal is allowed to propagate from the first delay 

unit to last. With each delay unit, the start signal sees a delay of 1 . The output of each Delay unit is given 

to our comparator-the D-Flip flop . Now, the clock to each D-Flip is the Stop signal. The principle behind 

Flash TDC is that, suppose the start rising edge and stop rising edge are separated by a certain delay. The 

Start signal will arrive at the first flop and be ready. When the Stop edge arrives at the Flip flop , the Flip 

flop will see the first signal and send it to its output. Now, this signal is further delayed by 1 seconds and 

sent to the output of the second Flip flop. If the Stop edge is still behind, the D-flip Flops output will be 

set to high. As we go down the chain, the start signal is delayed progressively and compared with the stop 

signal. If at any flip flop , the stop edge arrives before start, the D-flip flop ' s output will be set to zero. 

Figure 2.3 shows the schematic ofFlash TDC and Figure 2.4[1] shows the principle of Flash TDC. 

The output of Flash TDC is a thermometer code. An important point to remember here is that 1 is 

the minimum delay Flash TDC can recognise and given a digital output for. As this delay is provided by 
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buffer, it is set to the minimum delay the corresponding CMOS technology process can offer. As a result, 

Flash TDC 's resolution is limited by the process technology. An example of Flash TDC output is given 

in Figure 2.5. 

START-

DOUT 

Figure 2.3. The Flash TDC has a delay chain for the Start Signal and Flip flops for comparison 

Delay=Tq...... 
I I 

Delay Delay Delay Start 
Start 

Out 
D Q ••• 
Reg Reg 

Stop 
Stop...,_....,. 

T in 

Figure 2.4. The Start and Stop signal have a difference Tin, with each comparison, we get a 

digital output. [ 1] 
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Figure 2.5. An example for Flash TDC output. 

2.2.2 Vernier Time-to-Digital Converter 

In Flash TDC, the resolution of the TDC is limited by the technology process. What this means is 

if a TDC needs a sub ps resolution and the minimum delay offered by each delay unit is higher, then Flash 

TDC will not meet the requirement for sub ps resolution. One way to achieve lower time resolution is by 

Vernier Time-to-Digital Converter. 
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Unlike Flash TDC, Vernier TDC has two delay chains. One Delay chain for Start signal and one 

Delay chain for Stop. The Start signal sees delay elements with 11 delay and Stop signal sees delay 

elements with 12 delay. Figure 2.6 shows a Vernier TDC. 

T 

Lead signal . . . 
OFF 

Lag signal 

I.. NTF ·1 

Figure 2.6. A Vernier TDC with two delay Chains. [2] 

The principle behind Vernier TDC is similar to Flash TDC. The delay in the start chain is higher 

than the delay in the stop chain. As Start and Stop signals propagate through their respective delay chains, 

the time difference between them starts to shrink by each stage. As long as the D-Flip flop is able the see 

the rising edge of Start, it will register the output. The effective resolution ofVernier TDC is the difference 

between the two delays 1 =11 - 12 . As 11 and 12 are the resolutions that can be decided, the difference 

can be set to much smaller value to obtain a sub gate delay resolution. 

While Flash TDC offers a simple, all digital architecture, the mismatches between each delay cell 

affects the linearity of the Flash TDC. This is shown in detail in Chapter 4. Along with mismatches, its 

resolution is limited by technology. In addition to that, as wider measurements are required, the number 

of elements required increase. In both these TDCs, the quantization noise too is in-band. 
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With the limitations of Flash and Vernier given, we have enough motivation to improve and come 

up with newer architectures. The classical structures can be used with modem sampling techniques to 

improve their resolution, reduce quantization noise, improve linearity, complexity. Another major 

limitation that these class structures have is that the sampling frequency is limited by the carrier frequency. 

This means that oversampling cannot be employed to increase the resolution. Leveraging circuit 

techniques like oversampling and noise shaping will help us get higher resolution. The next section will 

walk through some new architectures which have done the same. 

2.3 Modern Time-to-Digital Architectures 

In order to overcome the limitations of classical architectures, newer TDC architectures have been 

noise shaping Delta Sigma structures, taking advantage of oversampling to increase resolution. 

2.3.1 A highly Digital Second-Order Oversampling TDC 

In this paper [3] , a second order, single loop Delta Sigma TDC was presented. This TDC uses 

Current Controlled Oscillators(CCO) as phase domain integrators. 

The time difference tin between Start and Stop signals is given to a Phase Frequency Detector. 

This Phase Frequency Detector(PFD) controls the current going into the CCO. Depending on the tin, the 

CCO sees a High current Im and a low current Iu. This causes the CCO to oscillate between two 

frequencies set by Im and Iu. The output of CCO is then passed through another PFD. This PFD extracts 
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the time moment where the CCO outputs cross 2rr . This information is then converted into form ofpulses 

UP and DN. These pulses are then used to control the second stage of the TDC. The UP and DN pulses 

are used to control the current going into the Switched Ring Oscillator(SRO). The SRO sees a high current 

IH2 and a low current IL2 depending on the polarity of the PFD output. The SRO performs phase domain 

integration of the CCO output. The output of the SRO is in phase domain and the SRO phase is quantised. 

The paper uses D-flip flops to quantise the SRO phases. The quantised SRO phased is digitally 

differentiated using XOR gates. The Digital output is now obtained. The schematic of this TDC is given 

in figure 2.7. 

OP 

·........................... : 
17 slices 

ON . 
OP-OM ~..--3 --...---. --,;----,----, 

Figure 2.7. The Second-order Oversampling TDC present by paper [3] 

The digital output is then fed back to the first stage. This is performed by using a multibit Digital 

to Analog Converter(DAC). The DAC, in this paper, is implemented using 17 nMOS cascade current 
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sources. Based on the digital output of the second stage, the current in the DAC is varied. This DAC is 

then connected to the input of the first stage CCO. Based on the previous output, the current going into 

the CCO will be a subtraction of t in modulated currents Im , Iu and the D AC current set by the output. The 

digital output of this TDC is given by this equation below 

The mathematical model of this TDC is given below in Figure 2.8. 

CCO PFD 

[I]
Gain=M Gain=G 

D u 

Figure 2.8. Mathematical model of the TDC presented in paper [3]. 
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The Second order oversampling TDC has been implemented in 65nm CMOS process with 

resolution of 8.1 bits over a bandwidth of2.5MHz. 

2.3.2 A Noise Shaping Time-to-Digital Converter using Switched Ring 

Oscillators 

In this paper [4] , a second order, single loop Delta Sigma TDC was presented. This TDC 

uses Switched Ring Oscillators for phase domain integration and then quantizes the phase using Phase 

encoder. 

The SRO TDC contains three blocks : The time difference generator, Switched Ring Oscillator 

and the Digital Phase Processor. The time difference generator takes in two pulses : the Start and Stop 

signal, detects the time difference between the two pulses and outputs a pulse width modulated time 

difference pulse. This generated time difference pulse has the same carrier frequency as the input signal. 

This time difference pulse is then used to switch the SRO between two frequencies by FH and FL by 

controlling the voltage input to the SRO. The Time difference generator in this paper gives a differential 

output pulse. So, there are two SRO each being controlled by the differential time difference signal. 

As the SRO is switched between two different voltages, High and Low, the rate at which its phase 

accumulates varies. When the SRO is fed a higher voltage, its phase accumulation is faster and it reaches 

2rc sooner. When the SRO is fed a lower voltage, its phase accumulation is slower and takes longer time 
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to reach 2rr. The SRO 's phase is then quantized to give a digital output. To do that, the paper uses Digital 

Phase Processor. The Digital Phase Processor has SRO Phase Sampler, Transition detector, ROM Encoder 

and digital differentiator. The Phases of the SRO are sampled using D-Flip Flops at sampling rate of Ts 

and then given to a transition detector. At a time, only one of the phases can have a positive transition. 

The transition detector detects this phase and gives it to the rom encoder. The ROM encoder maps it to 

appropriate Digital value and then this is differentiated. The Schematic of this TDC is shown below in 

Figure 2.9. 

Digital Phase Processor 

DoUT 

TREF 

SRO 

Figure 2.9. The SRO TDC presented in [4] 
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Figure 2.10. The time difference generator implemented in [4]. The fully symmetric XOR creates a 

differential signal. 

<!>-Quantizer 
1 

(1)~D<l>PI 
<l>r2 D<1> Do 

D<l>P2 D<1>1 0 0 0 0 I 
D<1>2 0 0 0 I 0 <l>p3 • 
D<1>J 0 0 0 I I 

,.,. I : 
"'P' <J> RO 

D<1>29 1 1 1 0 1 
D<1>30 1 1 1 I 0 
D<1>31 I I I I I 

<l>-Sampler Transition 
Detector ROM Encoder 

Figure 2 .11. The Phase Processor implemented in [ 4] . 

The digital output of the SRO-TDC is given below. 
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Chapter 3 

Proposed Architecture 

3.1 Introduction 

In the previous chapter, we have seen the classical architectures and their limitations. Flash TDC 's 

resolution is limited by technology, which can be offset by using a V emier TDC whose resolution can be 

set to sub ps range. But Flash TDC needs 2N delay unit and Vernier TDC uses twice of that. And for wider 

measurement requirements, the number of delay units and Flip flops increase. As the number of delay 

blocks increase, the mismatch between the belay blocks affects the linearity even more. Their quantization 

noise too is in band. The sampling frequency is same as the carrier frequency. While these structures are 

simple, scaling friendly digital blocks, there is a need to improve them. In this chapter, the a noise shaping 

2-step TDC is proposed. 

3.2 2-Step Time to Digital Converter 

The proposed TDC aims to use the simpler structure of Flash TDC and combine it with modem 

circuit techniques to achieve higher resolution. To do this, we have two quantizers. A Flash TDC and an 

SRO. The Flash TDC works as coarse quantizer and SRO works as fine quantizer. The block diagram of 

the 2-step Time-to-Digital converter is given in Figure 3.1. 
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SRO 

tin 21r k srolr7 
I--~---□--....., s 

-./1----,-------L......-----------.t 

Flash TDC 

Figure 3.1. The Proposed 2-step Time-to-Digital Converter 

3.2.1 Principle 

The block diagram shown in Figure 3.1 shows a relatively simple overview of the proposed 

architecture. To start the data conversion process, there are two signal Start and Stop with delay t in between 

them. The input time difference is given to Flash TDC to undergo first level of quantisation. 

Simultaneously, the t in is also used to control the SRO currents fa and IL. The output of the Flash TDC is 

now a digital number and quantization error ofthe Flash. This output is now sent through Digital to Analog 

convector. The DAC now converts to digital voltages into analog current and then subtracts this current 

from the currents fa , IL going into the SRO. The Flash TDC output is given below. 

Flashout = k X tin + Eq 

The Flash output consists of the quantised t in and the quantization error. The input seen by the 

SRO currents is given below 
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SRO Current= tin X IH + (t5 - tin) X IL 

The input going into the SRO is the difference between the SRO current and the Analog current 

from the DAC. 

SROinput = SROcurrent - ldac X Flashout 

I dac is the current from the DAC. From the equation above, we can observe the the SRO input 

sees only the quantization error and not the input tin. This is because the SRO is intended to extract the 

quantization error of the Flash TDC. The SRO now works like a Phase quantizer. There are 15 stages of 

the SRO. The Phase of the SRO is a function of the input current it sees. The SRO's phase accumulates 

faster as the current it sees is higher and the phase accumulation is slower as the input current is lower. 

The output phases of the SRO are sampled using D-Flip flops at sampling frequency Fs. The sampled 

phases are digitally differentiated using xor blocks. The output of the SRO is given below. 

Where (Kvco x ts x 30) is the gain of the SRO quantizer. The above equation gives us the fine 

quantizer 's output. This output is then multiplied with required gain by Gas shown in the block diagram 

Figure 3 .1. This gain G is set such that when SRO output is multiplied by G and added to Flash TDC, the 

quantization error is cancelled. The Dout of the 2-step TDC is shown below. 
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As we can see from the equation above, the quantization error has been removed from the digital 

output and the SRO quantization error has been noise shaped. The entire block diagram with respective 

equations is shown below in Figure 3.2. 

TH + IL 
SRO input= - - + ldac x Eq

2 

SRO SRO out = (Kuco X ts X 30) (-H 
2 
+ TL - ldnc X Eq + Esro( l - z- 1) 

tin 
J ro 1------11►►8---

~ / ~~---~ 

Flash TDC Dout = k X tin+ E5 ,.0 (1 - z- 1) 

Flash out = k X tin+ Eq 

Figure 3.2. The block diagram with respective output at each stage. 

3.3 Simulink model and results 

The proposed architecture has been modelled in Simulink and validated. The Simulink block 

diagram is shown in Figure 3.3. 
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---------- IH ..,._______ ,____._ _., lnl Ou111---- sro_out 

VCO_l5_p 

IS iL 

- ------------ u ~ yo-------
flash_tdc 

flash_in 

- - - flash_out 

Figure 3.3. The Simulink block of the proposed 2-Step TDC. 

The Simulink model is modelled same as the mathematical model shown in the previous section. 

The time difference tin is given as the input to Flash TDC and the SRO currents. The output of the Flash 

TDC is then multiplied with 1iac to represent it in form of analog current and is subtracted from the SRO 

currents. The SRO output is then taken and multiplied with the Gain and added to the Flash TDC output 

to get the final Dout. 

The Flash TDC output is shown in Figure 3.4. The Flash TDC output is 3 bit with a time resolution 

of 90ps. The SRO has 15 stages and performs phase domain integration. The differentiation of the SRO 

output is performed digitally by XOR gates. An SRO stage is shown in Figure 3.5. 
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Figure 3.4. 3-Bit Flash TDC output 
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Convert to 
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Figure 3.5. An SRO stage. 

The proposed 2-step TDC model has been simulated and its FFT plotted. The TDC achieved an 

SNDR of 53dB with a bandwidth of7.5MHz. The Effective number ofbits(ENOB) of the architecture is 

8.5 bits. The 2-step TDC architecture achieves an improvement of 5 bits. The FFT of the architecture is 

shown in Figure 3.6 and a sample TDC output is shown in Figure 3.7. 
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Figure 3.7. 2-Step TDC output 
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3.4 Schematic 

In this section, the schematic of the proposed architecture will be presented. The schematic is 

shown in Figure 3.8. The input tin is given to Flash TDC whose digital output is converted into analog 

current using nMOS DACs. This analog current is then subtracted from the SRO currents IH and IL which 

are switched between each other based on the polarity of the tin. 

ilHill
%n 'frin 

QUANTIZER
SRO 

/ -- 1------t=>SRO out 

Tin / 
----t --

Flash TDC 

L-----1----> FIash out 

Figure 3.8. 2-Step TDC Schematic 

foAc is chosen such that the tin introduced with the SRO currents is cancelled. The SRO used in the 

schematic has 15 stages. The schematic of the Flash TDC is shown in Figure 2.3. The delay cell of the 

flash TDC is shown below. 
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Figure 3.9. Flash TDC Delay Cell. 

The Flash Delay cell is a CMOS buffer. The delay cell offers the minimum delay that the 

corresponding CMOS technology offers. The technology used here is TSMC 65nm. To test the linearity 

ofthe TDC, the start and stop pulses given have slightly different frequencies. For this test, the frequencies 

applied are 100MHz and 99.955MHz. A part of the transfer curve is shown in Figure 3.10. The TDC's 

INL plot is shown in Figure 3.11 with INL of 2.1 LSB. The simulated TDC used 1.2V supply and 

consumes power of 0.5mW over a bandwidth of7.5MHz. The sampling frequency used here is 300MHz. 

Table 3.1 shows comparison between this work and other 2-Step Noise shaping TDCs. 
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Figure 3.10. TDC linearity curve over limited points. 
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Figure 3 .11 TDC INL plot. 
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[5] [6] This Work 

Process 40 65 65 

Supply 1.1 1.2 1.2 

BW(MHz) 25 - 7.5 

Bits 8 9 8 

Power(mW) 1.43 0.667 0.5 

Fs(MHz) 50 200 300 

Table 3 .1 Comparison with other 2 Step TDCs. 

25 



Chapter 4 

Flash TDC Mismatch 

4.1 Introduction 

Classical architectures Flash and Vernier TDC performance is dependent on the linearity of the 

delay cells that are used. The impact ofmismatch on the linearity is worth looking into. 

4.2 Mismatch Simulations 

Mismatches affect resolution of Flash and Vernier TDC severely. Vernier TDC has twice the 

number of delay cells and shows the mismatch effects even more. To check mismatch and how it affects 

Flash TDC, monte carlo simulations have been run on a Single 5 bit Flash TDC. The Start and Stop pulses 

have been given slightly different frequencies so that the delay between them linearly increases and 

reduces. The monte carlo simulations are shown in Figure 4.1 
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Figure 4.1 Monte Carlo Simulation on a 5-bit TDC 

We can observer from the Figure 4.1 that as the digital code increases, each monte carlo run gives 

a code with a different code width. For TDCs with wider measurements, this causes a problem as wider 

code widths introduce more quantization error and ultimately are not accurate. 

One way to solve the problem of delay cell mismatch is to take the average of a limited number of 

Flash TD Cs in parallel. The result ofthis average output will be much closer to an ideal Flash TDC without 

delay cell mismatch. The averaged TDC output versus the output of an ideal Flash TDC is shown in 

Figure 4.2. 
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For real world applications, this concept can be used and the 2-Step TDC can have a number of 

Flash TDCs in parallel and the average of their output will control the laac current. 
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Figure 4.2 Averaged TDC output vs Ideal transfer curve. 
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Chapter 5 

Conclusion 
A 2-Step Time-to-Digital Converter has been presented in this work. The 2-step 

architecture used a Flash TDC as coarse quantizer and a Switched Ring Oscillator as fine 

Quantizer. Simulations have shown that this architecture results in higher ENOB. A 

comparison with other 2-step architectures is presented in Table 4.1. The mismatches between 

delay cells of Flash TDC has also been discussed and shown how the averaged output of Flash 

TDCs helps us obtain a linear TDC performance. 
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